In ecotoxicoproteomics, an accurate and reproducible extraction of proteins is a critical step for 2DE analysis and further protein identification using MS. The criteria for the assessment of protein extraction quality include protein yield, protein spots resolved in a 2DE gel, matched protein spots in replicate gels, reproducibility, and compatibility with MS. In this work, we evaluated three protein extraction systems, straightforward lysis buffer, trichloroacetic acidacetone, and TRIzol reagent with some modifications, for the protein extraction from three animal species including mussel Mytilus galloprovincialis, flounder Paralichthys olivaceus, and polychaete Nereis diversicolor used in marine ecotoxicology. Our results indicated that these methods could extract significantly different protein profiles. The method using TRIzol reagent resulted in the most matched protein spots resolved in four replicate 2DE gels and highest reproducibilities for the gill of M. galloprovincialis and liver of P. olivaceus. However, a modified trichloroacetic acid-acetone solvent system was best for the whole soft tissue of N. diversicolor. This work provides the fundamental information of the extraction quality of protein extraction protocols from different marine animals, which may facilitate the selection of a suitable protein extraction protocol for ecotoxicoproteomics.
tion, and identification of proteins in biological samples to produce unique protein profiles. Comparison of such protein profiles can then be used to identify changes in protein expression levels combined with MS and software databases [2] . 2DE was established in the 1970's and has been rapidly developed for proteomic analysis [3] . In recent years, although some alternative gel-free techniques, such as multidimensional LC with stable isotopic labeling [4] and antibody arrays [5] , have been developed, 2DE remains useful in resolving protein extracts from organisms due to its high resolution and low expense [6, 7] . Obviously, an accurate and reproducible preparation of proteins is the most important step for 2DE analysis.
Several protein extraction systems, such as straightforward lysis buffer solution, trichloroacetic acid (TCA)-based and phenol-based extraction systems, have been applied in marine ecotoxicoproteomics for the extraction of proteins from sentinel animals, although possible modifications are Figure 1 . 2DE analysis of proteins from gill of M. galloprovincialis, liver of P. olivaceus, and whole soft tissue of N. diversicolor, extracted using the methods of TRIzol reagent (A, D, and G), TCA-acetone (B, E, and H), and straightforward lysis buffer (C, F, and I). Proteins were separated on a 3-10 linear pH gradient in the first dimension and visualized using silver staining. The numbered arrows indicate proteins that were identified by MS/MS and are listed in Supporting Information Table 1. unavoidable [8] [9] [10] . The straightforward lysis buffer solutions (e.g. 7 M urea, 2 M thiourea, 4% m/v CHAPS, 65 mM DTT, and 0.2% w/v Bio-lyte buffer) with or without Tris and enzyme inhibitor are frequently used for protein extraction from animals because of its efficiency for the recovery of proteins with a high yield [8, 11] . Since both TCA and acetone are efficient protein precipitation reagents, a combination of TCA and acetone (TCA-acetone) is widely applied for protein extraction with different modifications [12] . For example, in earthworm Eisenia fetida, the TCA-acetone extraction method resulted in good distinction and a large number of protein spots in 2DE gels compared with other extraction protocols [1] . Jiang et al. reported that an addition of 40 mM Tris before precipitation using TCA-acetone could make a good extraction of proteins from Chinese shrimp Fenneropenaeus chinensis [9] . As it is known, TRIzol reagent is used for isolation of RNA from biological samples. However, after RNA extraction, this extraction protocol can be used for protein precipitation from its phenol supernatant [11] . Apparently, a concurrent extraction of RNA and protein is important when the correlation between gene and protein expressions needs to be analyzed.
In marine ecotoxicology, mussel Mytilus galloprovincialis [13] , flounder Paralichthys olivaceus [14] , and polychaete Nereis diversicolor [15] are often selected as experimental animals for elucidating toxicological effects and mechanisms of contaminants. These species have also been successfully used in marine ecotoxicoproteomics [8, 16, 17] . Although different protein extraction protocols, such as straightforward lysis buffer solution and TCA-acetone, were technically usable for protein extraction from marine animals, an evaluation of the quality of these protein extraction protocols is necessary for 2DE. In this work, three protein extraction systems including straightforward lysis buffer solution, TCA-acetone, and TRIzol reagent were optimized and evaluated for protein extraction from M. galloprovincialis, P. olivaceus, and N. diversicolor. The gill tissue of M. galloprovincialis, liver of P. olivaceus, and whole soft tissue of N. diversicolor were sampled from single individuals of these species. However, the optimization for straightforward lysis buffer did not result in good extraction of protein, this method was not fully evaluated for N. diversicolor. In ecotoxicoproteomics, minor proteomic differences between control-and contaminant-exposed groups are often meaningful. However, these differences could be generated from both technical and biological sources. Therefore, it is necessary to minimize technical differences to obtain maximum biological differences induced by contaminants. In this work, we aimed to assess the quality of these protein extraction protocols in terms of protein yield, number of protein spots separated in 2DE gels, and reproducibility.
Before the determination of the final formula and procedures for each solvent system, we primarily assessed the 2DE gel quality of each solvent system with different modifications described in the Supporting Information. The number of protein spots, resolution of protein spots, and gel background were assessed for the determination of final formula and extraction procedures for each extraction system. Eventually, the extraction systems of TCA-acetone with a prior addition of Tris and the straightforward lysis buffer with an addition of Tris and enzyme inhibitors resulted in the best quality of 2DE gels for all study samples. Then these two modified solvent systems of TCA-acetone and straightforward lysis buffer were used for the further quantitative evaluation for protein extractions together with TRIzol reagent.
The marine mussel genus Mytilus is one of the most frequently used sentinel organisms in marine ecotoxicology [13, 18] . It was fully evaluated for the quality assessment of extraction systems. Figure 1A -C presents the silver-stained 2DE gels from the same sample of a gill tissue extracted by TRIzol, modified straightforward lysis buffer, and TCAacetone. Clearly, all the three extraction methods resulted in good separations of protein spots in corresponding four technical replicate 2DE gels. Further image analysis of 2DE gels indicated that TRIzol extraction presented the largest number of protein spots (1065 ± 95, n = 4) than TCA-acetone (986 ± 79, n = 4) and straightforward lysis buffer (920 ± 75, n = 4). Although a maximum number of protein spots in a 2DE gel are always a primary request in proteomics, a maximum number of matched spots from replicate samples are more crucial for an extraction protocol, which can potentially present more proteomic differences. After detailed image analysis of 2DE gels, a total of 759 matched spots were found in four technical replicate gels from TRIzol reagent extracted samples, together with 553 and 505 matched spots in technical replicate gels from TCA-acetone and straightforward lysis buffer protocols, respectively. It showed that TRIzol reagent gave a highest number of matched proteins than the other two extraction methods. To further compare the reproducibility of each extraction method, PCA was applied to the vol (%) values of the commonly matched protein spots (329) in all the 12 gels for the generation of principal component (PC) scores. PCA resulted in significant (p < 0.01) separations between the groups of three protein Figure 2 . PCA scores plots from analysis of the percentage volume values (% vol) from the commonly matched protein spots in all 2DE gels (n = 4 for each extraction method) for gill of M. galloprovincialis (A), liver of P. olivaceus (B) and whole soft tissue of N. diversicolor (C). Due to the low number of matched protein spots across the four technical replicate gels, the method using straightforward lysis buffer was excluded from corresponding PCA analysis for the samples from either liver of P. olivaceus or whole soft tissue of N. diversicolor. Ellipses represent mean ± SD for each extraction method. extraction methods, implying that different extraction methods generated dissimilar proteomic profiles and thus a reproducible extraction method is necessary. The reproducibility of each protein extraction method was determined from PC scores (Fig. 2) by multiplying SD along PC1 by SD along PC2 for the replicates within each extraction method. To facilitate the comparison of reproducibilities of protein extraction methods, we normalized the reproducibility of TRIzol method tob 1 (Supporting Information Table 1 ). Although both TCA-acetone and straightforward lysis buffer resulted in higher extraction yields of proteins (Supporting Information  Table 1 ), the extraction method with TRIzol reagent was the diversicolor (E + F) detected in 2DE gels using the extraction methods of TRIzol reagent, TCA-acetone, and straightforward lysis. Spots were classified into different ranges of molecular weight (>45, 45-25, and <25 kDa) and pI (3.0-5.6, 5.6-7.1, and 7.1-10.0). Values are presented as the mean ± SD of the numbers of spots from four technical replicates. Due to the low number of protein spots presented in 2DE gels, the method using straightforward lysis buffer was excluded from statistical analysis for the samples from whole soft tissue of N. diversicolor. Statistical differences (*, p < 0.05) of protein spots between TRIzol reagent and TCA-acetone, and between TRIzol reagent and straightforward lysis were determined by one-way ANOVA with Tukey's test. most reproducible method for protein extraction from the gill tissue of M. galloprovincialis (Fig. 3A and Supporting Information Table S1 ).
Flounder P. olivaceus is a nonsentinel organism, however, it has been often studied in toxicology [14] . In addition, a couple of proteomic studies have focused on the toxicological responses in P. olivaceus to cadmium exposure [16, 19] . In this study, we used the liver of P. olivaceus for the evaluation of protein extraction methods since it is the main detoxification organ. Our results indicated that both straightforward lysis buffer solution and TCA-acetone extracted >1100 proteins from the same liver samples by analyzing corresponding 2DE gels (Supporting Information Table 1 ). However, the method of straightforward lysis buffer solution extracted fewer than half the number of matched proteins (285) of those (601) extracted by TRIzol, which indicated the limitation of straightforward lysis buffer solution for protein extraction from the liver of P. olivaceus. Therefore, the straightforward lysis buffer solution was not qualified for further comparisons. Based on the analysis of the four technical replicate 2DE gels, there were 601 and 406 matched protein spots from the proteins extracted by TRIzol reagent and TCA-acetone, respectively. Moreover, TRIzol reagent revealed a 19 times higher reproducibility than TCA-acetone. These results suggested that the protein extraction method using TRIzol reagent was better for protein extraction from the liver of P. olivaceus.
Like mussel M. galloprovincialis, the polychaete N. diversicolor has also been widely utilized as a sentinel animal in marine ecotoxicology [15, 20] , and therefore was selected to evaluate the suitability of protein extraction methods. The whole fresh soft tissue of an individual N. diversicolor was processed for the assessment of protein extraction methods. As shown in Supporting Information Table 1 , TRIzol reagent and TCA-acetone exhibited approximately 900 and 1000 proteins, respectively, from replicate samples. Surprisingly, straightforward lysis buffer solutions with different modifications extracted the lowest number of protein spots (340) resolved in silver-stained 2DE gels. However, Mok et al. (2009) found approximately 660 proteins in 2DE gels from another polychaete Pseudopolydora vexillosa using straightforward lysis buffer solution [21] . The species difference might be accounted for the differences in protein extraction. Further analysis indicated that TCA-acetone extracted more matched proteins (712) than TRIzol reagent (427) from the analysis of four technical replicate 2DE gels. In addition, TCA-acetone method showed higher reproducibility of protein extraction than TRIzol reagent (Supporting Information Table 1), which was completely different from the results of the samples of M. galloprovincialis and P. olivaceus.
A lysis buffer is usually preferable for protein recovery, and hence higher yield was obtained. However, it lacked proteins in median molecular weight range, which was observed in the gill of M. galloprovincialis as well (Fig. 3) . The extraction quality of lysis buffer for the samples from M. galloprovincialis and P. olivaceus was lower than TRIzol reagent in terms of fewer matched protein spots in 2DE gels and lower reproducibilities. Moreover, the number of spots for TRIzol reagent at the 5.6-10.0 pI and 45-25 kDa ranges was greater than other two methods (Fig. 3) . TCA-acetone is a classical extraction system due to its effective precipitation of proteins and instant elimination of proteolytic enzymes. For the samples of N. diversicolor, however, TCA-acetone exhibited its better protein extraction quality than TRIzol, which implies that TRIzol reagent is not universally better than TCA-acetone. Since TRIzol method had two procedures to precipitate proteins using TRIzol and ethanol, while other two methods had one procedure to precipitate proteins, TRIzol resulted in relatively high protein loss (mainly those proteins with high abundances) and low protein yields (Supporting Information  Table 1 ). However, it has been demonstrated that TRIzol can extract a wide repertoire of proteins of both high and low molecular weights [11] . Therefore, TRIzol could extract higher number of matched protein spots across technical replicate gels than other two methods. Besides the reproducibility, the compatibility of extracted proteins with MS is also crucial in ecotoxicoproteomics. In order to test the compatibility between silver-stained proteins and MS, 20 protein spots extracted by both TCA-acetone and TRIzol from M. galloprovincialis gill were excised from a silver-stained 2DE gel and analyzed by MS/MS. As a result, 15 proteins were successfully identified (Supporting Information Table 2 ). This confirmed the compatibility between silver-stained proteins and MS. Overall, the TRIzol reagent usually can produce acceptable protein resolution and reproducibility, and can be adopted for the gill of M. galloprovincialis and liver of P. olivaceus. It is preferable especially when the analysis of protein and RNA analysis in parallel is needed. A TCA-acetone-based extraction system may be used for N. diversicolor with a good reproducibility. This work provided the fundamental information of the quality of various protein extraction protocols from different marine animals. However, the selection of a suitable protein extraction protocol depends on the study objective.
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